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Mooring for Wave Energy Converters (WECs) 
  Reduce cost of mooring 
(6-30%) 
  Related to installation and  
connection 
  Project started 2012 
  Initiated by industry 
(Ocean Energy Centre) 
 
  Moorings are costly : OK for oil and gas, (< 2% of 
investment) 
  Reduce the cost of moorings for WECs (6 – 30 %) 
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Figure 3 Cost breakdown 
 
Just over half of the cost for wave arrays is associated with the devices and their power take off 
components. Tidal structure and PTO costs are lower, with installation of tidal devices forming a very 
significant proportion of cost. 
 
It can be seen from the diagram that he cost of the devices makes up only part of the total cost of 
array projects. Balance of plant items such as cabling, connectors and switchgear as well as 
installation, operation and maintenance make up a significant proportion of total lifetime costs. 
3.2  Developer comments on early array costs 
During interviews, device developers were asked about the most significant uncertainties in 
estimation of LCOE. The responses provide insights into actions required to improve certainty and 
reduce risk in the costing of ocean energy array projects. 
 
A recurring theme from the interviews is that the operating costs are uncertain because of the early 
stage of technology development. Some device developers can now point to data of prototype 
operation for significant periods but for others lack of experience of long term operation means that 
there is uncertainty about the frequency and cost of maintenance interventions. In addition, 
standard rates have not yet been established for insurance which is a significant component of 
operating costs. 
 
All the tidal device developers identified proving reliable operation as a crucial step to allow serious 
investment into tidal projects. Several interviewees mentioned the balance required between 
proving the current model of the device, ensuring necessary learning is gained and moving on to a 
new lower cost design which will in turn need a proving phase.  
 
Uncertainty around foundation costs was highlighted as a challenge. Different seabed conditions 
cam affect the suitability of a given foundation type, and will affect the overall cost significantly. 
There will be variation in costs between sites as developers select the optimum foundation solution 
for the local seabed conditions. 
 
Several developers mentioned lack of detailed information about the resource at a location as being 
a significant risk factor when calculating project costs. Wave resource can vary from year to year 
with long term trends and ocean currents, while tidal resource is very specific to the detailed 
bathymetric profile of a location. 
 
Two different approaches to standardising device specifications were evident: some manufacturers 
prefer to deploy common components in multiple sites to build up confidence and experience, while 
others focus on optimising the configuration of a basic model to maximise efficiency based on the 
particular site characteristics at each location, leading to a number of variations on a standard 
model. 
 
Additional comments from interviews with developers have informed section 4 below. 
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In-house mooring code MooDy 
  In development since 2012, now at 3rd re-write 
  High-order finite elements 
Discontinous Galerkin method 
  Explicit time stepping 
  Coupled to OpenFOAM and recently to WEC-Sim 
Fig. 6. The solution state after 50 s of simulation. Note the design failure
due to completely lifted cable in mooring cable 1.
completely lifted from the sea-bed. For drag embedded anchors
this is a design criteria that equals to failure.
The mooring force response at the attachment point of
cable 1 is shown in Fig. 7. In the figure the clearly visible
spikes are caused by an initial snap load that is subsequently
propagating back and forth in the cable. The period of the
spikes matches exactly the return period of the shock wave,
being 2tc from eq. (21). It is important to stress that these
spikes do originate from a snap load and not from the cable
interacting with the ground, as the high frequency oscillations
visible in Fig. 5.
VI. DISCUSSION AND FUTURE WORK
A methodology for performing coupled analysis of floating
WECs was presented: to pair the free-surface Navier-Stokes
solver interDyMFoam – part of the OpenFOAM toolbox – with
an in-house dynamic mooring cable solver MOODY through
a simple API. In this approach all arising non-linearities, both
in the hydrodynamic part as well as in the mooring dynamics
part, are included. The main advantage of performing coupled
analysis using CFD is the completeness of the method and the
very few underlying assumptions. The main disadvantage is
the excessive computational effort needed. For the test cases
presented the wall clock time was in the order of 4 h per
wave period using roughly 50 000 cells per core for the
moored device in with wave height H1. For H2, having higher
velocities and thereby also a smaller average time step size, the
corresponding value was roughly 10 h. Thus coupled analysis
using CFD is most suitable for use in survival conditions where
the time span of simulation needed is limited and the non-linear
effects such as green water and wave breaking are more likely
to occur.
Albeit no conclusion should be drawn from the test cases
presented – a proper validation and in-depth sensitivity analysis
is required before that – they served to illustrate that the
coupled approach can capture the complex interaction between
the mooring system and the floating device.
Focusing on the mooring forces, the results both for the
regular waves and the survival case indicate a need for high
resolution in both time and space to correctly capture the
perturbations in the tension load. In mooring models of low
resolution these fast transients tend to dissipate and may not
be seen at all in the results. The present numerical scheme
implemented in MOODY resolves the tension perturbations,
but not without the creation of some Gibbs-type oscillations.
The presented results also show some numerical noise caused
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Fig. 7. Tension force in attachment point to the WEC of mooring cable 1.
by the ground model. The ground is modelled using a vertical
load only on the nodes in contact with the ground. This will
introduce a discontinuity in the touchdown element, which in
turn produces the noise in the simulation. More accurate and
numerically smoother ground modelling is an area of ongoing
work with the cable code, as is the accurate handling of cable
slack. Figure 7 shows significant numerical noise from the
slack period which is due to the complete loss of stiffness in
the system, rendering the mathematical problem ill-posed [20].
This can be avoided by the inclusion of bending and torsional
stiffness [7].
Future work will concentrate on a thorough validation
study looking specifically into spatial and temporal resolution
needed for different sea states, and later to investigate different
mooring configurations for one device and the interaction
effects between several devices.
Finally, it should be noted MOODY does not rely on
interDyMFoam for coupled analysis. MOODY has been de-
veloped as a stand-alone library so it can be coupled to any
hydrodynamics 6DoF solver as long as the solver can provide
the variables requested by the API.
instantaneous draft and mesh resolution for the particular
case.
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Fig. 5. Snapshot of the solution of the T12H8 case at t ¼ 39:6 s.
Fig. 6. Typical vortex shedding sequence for the three steep wave cases: T10H8 (left), T12H8 (centre) and T14H8 (right). The snapshots are taken every
0.2 s. The figure shows vorticity structures by the jr" uj ¼ 15 isosurface.
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Snap loads  
  ”When the touchdown point 
speed exceeds the transverse 
wave speed of the mooring line 
a shock forms in the tension. 
[…] Shocks during upward 
motion of the mooring lead to a 
snap load in the tension record. 
Shocks during downward 
motion lead to slack tension at 
the touchdown point" 
t = 12.74 t = 12.87
t = 13.00 t = 13.14
t = 13.28 t = 13.41
Figure 7-12: Closeup view of the touchdown region showing a sequence in which the chain is
laid down with slack and then pulled taut. For practical reasons, the bottom in this case was the
artifi cial grass mat with a light coating of sand to hold it in place. As will be shown in section 7.4,
the results for this bottom are nearly identical to those on the hard bottom.
175
Gobat and Grosenbaugh, (2001) 
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Capture snap loads by  
Discontinuous Galerkin (DG)  
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Model equation: Nonlinear hyperbolic equation 
Formulation in conservative form: 
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Modelling of nonlinear hyperbolic equations 
  Lax-Wendroff’s theorem (Lax and Wendroff, 1960) 
If a conservation law is solved with a conservative method the solution 
converge to a unique and correct solution 
 
 
 
 
  Hue-LeFloch’s theorem (Hue and LeFloch, 1994) 
If a non-conservative method is used – well then the solution will simply not 
be correct.. 
  Godunov’s theorem (Godunov, 1959) 
There is no second- or higher order scheme with constant coefficients that 
do not produce non-physical maximum/minimum  
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Snap loads demands on numerical scheme  
  Shock waves  à Be able to handle discontinuities  (DG) 
  Peak load can be very high and important à Accurate peak captures, 
i.e. no over-undershoots (limiter) 
  High celerity à High temporal resolution (regardless explicit or 
implicit)  
  Many load cycles à Low numerical damping (high spatial resolution, 
high p) 
  (Snap load generation à Accurate ground model) 
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Key step 1: Equation in conservation form  
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Key step 2: Conservative numerical method  
                     Discontinuous Galerkin method 
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  Application of slope limiter (Generalized MinMod). Only 
works for low-order elements so uses hp-adaptivity for 
keeping the accuracy in shock regions 
 
  Use strong stabilisation preserving explicit time-
stepping schemes (SSP-RK3) 
Key step 3: Monotone solutions  
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Verification of conservative formulation 
  Vibrating string test 
Linearised tension force 
  No gravity 
  Convergence plot 
  L2 norm 
  Exponential convergence (p+1/2) 
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Shock propagation case 
•  1D Test case 
•  100 m  cable 
•  1000 N jump at 
midpoint 
Shock propagation case – Monotone solution 
Shock propagation case - Adaptivity 
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Validation case 
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•  33m chain on concrete floor 
in 3m water. 
•  Fixed anchor and circular 
motion of fair lead 
•  Radius 0.2m and period time 
1.25s 
•  Excellent match in force time 
history at fair lead 
•  Some numerical noise in low 
tension region 
•  Pronounced extra peak, 
indicating snap load 
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Yang et al., (2016) 
DeepC 
N=100, p=1 
Influence of High-Order on 
Fatigue Estimation 
MooDy 
N=10, p=7 
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Concluding remarks 
•  Snap load important for WECs 
•  MooDy uses a conservative method (DG) for solving the equations 
casted in conservation form 
•  The numerical fluxes are upwinded based on an approximative Riemann 
solver 
•  Limiters avoid over-undershoots 
•  Ground model important for the generation of snap - needs a closer look 
•  hp-adaptivity 
•  MooDy is designed as a high-order code 
•  Potentially a large speedup of computations without loss of accuracy 
•  Low numerical diffusion have influence on fatigue estimates 
•  Slack cables without bending stiffness 
•  An ill-posed problem 
•  Inclusion of bending stiffness needed to avoid numerical noise also 
important for the generation of snap  
•  MooDy is intended for use as a mooring module  
•  Coupled to WEC-SIM for standard irregular waves events 
•  Coupled to CFD (OpenFOAM) for extreme events 
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